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of whether there is a structural difference between the lunar maria and the
terrae, as exists {though not analogously) between terrestrial continents and
ocean basins. An orbiting satellite would give further data on the subject,
provided that the state of lunar exploration would permit accurate tracking,

Finally, gravity traverses made on the surface with roving
vehicles would provide the key to the structure of craters and other local
features in much the same way as such traverses do on the earth -- with one
major difference. In terrestrial exploration, structural understanding is
largely based on sedimentary stratification, and the primary facility for it
is erosional exposure. Since atmospheric and water erosion are absent on
the moon, lunar stratification differs widely in nature and scope from its
terrestrial counterpart. (See Shoemaker and Hackman, 1960, and Hackman,
1962). The key to structural interpretation will be density, and the prime
geophysical exploration instrument will be the gravity meter, As long as
density contrasts are present, gravity will yield the first evidence as to the
substructure of lunar features, and will probably answer many questions
now under debate, such as the existence of isostatic compensation and the
volcanic origin of certain craters and domes.

Task 3

The different methods of geophysical exploration are inter -
dependent; knowledge gained through one of them supplements knowledge
gained through the others rather than substituting for it. The primary
requisite for all geophysical interpretation is good surface mapping and
valid study of the surface geology. The first of these will probably be
based on sets of photographs taken from low-altitude lunar orbits and inter-

2reted photogrammetrlcally as accurately as the data allow. Surface geology

will proceed as far as possible from these dati’but' will also require work-
on the ground with sampling and physical and chemu:al analysis of surface
materials. The absence of severe erosion and the consequent preservation
of surface structures, gives surface geology a power on the moon that it
does not have on the earth. ' : : :

seismicity will give valuable evidence: 3

operation. In the exploration of local terrestrial structures, seismology
depends for its unique strength and versatility on the depositional stratifi-
cation of earth materials, Since lunar materials are not stratified in this
way, seismology will not play the dominant role in local exploration on the
moon. Normally gravity anomalies will be examined with the seismograph
if they are ascribed to large masses; however, exploration seismology on
the moon may be severly handicapped by the presence of unsorted coarse
material in the transmission paths, When such material is encountered in




“will be based on Fheforic; somietimes one form ssems

INTRODUCTION AND SUMMARY

This report is a study of the use of gravity meters on the
moon. It treats (1) the scientific problems which can be solved or partly
solved with gravity observations, (2) the relations and interdependence
between gravity and other geophysical methods of getting information about
the moon, (3) the successive observational modes and instrument types to
be used as lunar exploration technology advances, and (4) the present state
of gravity-meter art and the relative merits of different principles and
designs for use in fabricating a hard-landing lunar meter. The reportis
divided into sections that are labeled tasks in conformity with the statement
of work of the contract under which the study was performed. The findings
under each task are summarized below.

Tasks 1 and 2

Task 1 is to list the problems in lunar exploration that are
soluble or partly soluble with gravity data. Task 2 is to examine the
accuracy of the results as a function of the accuracy of the lunar gravity
measurements obtained. These two tasks are not logically separable and
are therefore reported together. It was found that a single gravity meter
landed on the moon would permit the measurement of earth-caused tides due
to the moon's monthly change in orbital distance from the earth. The forces
acting to produce these tides are known, so that an observation of their
amplitude would be a measure of the moon's rigidity. If the meter were
landed near the limb and the elevation of its landing spot were known, it
would give a more accurate value for the moon's mass than is now known.
With a properly constructed read-out device the gravity meter could also
act as a seismometer and thus provide data as to the moon's, seismicity.

A second gravity meter, if it were landed near the center of
the vxs1b1e disc, would give an indication of the magnitude of the ''bulge',
now the subject of considerable dlsagreemept - provided certain assumptions
now generally held about the moon's density are true. It would also institute
- wark on the problem-of seienodesy, or the fxgure of the moon -(In this re-
& zlwchoicembetween' xpressions like '‘selenc : u

and sometimes the other. Geophysics, for instance, is malnly a set of
techniques, while geodesy is mainly a body of specific information.)

If gravity meters can be made sufficiently small and reliable,
they will probably be carried routinely on moon-bound spacecraft because of
the important additions to lunar science which can be deduced from each
successive observation. The third, fourth, and fifth gravity readings, be-
sides greatly refining the selenodetic picture, will tend to answer the question




terrestrial exploration it scatters the energy badly and precludes the use of
ordinary seismic methods.

Heat flow and radioactivity are evidence of operating geological
processes and of deposits of valuable materials. The absence of thick sedi-
mentary layers will make thermal and radioactivity measurements easier
to carry out and interpret. Electrical measurements will also be easier to
interpret than they are on earth in the presence of low-resistivity layers
and so may have a wider scope on the moon. Magnetism will be an effective
tool only if the moon proves to have a perceptible magnetic field (now thought
not to be the case) or if a method of using space magnetic fluctuations as
signals is developed.

Task 4

The stages in lunar exploration each call for different types
of gravity meters and different modes of operation. These are summarized
as follows:

1. Hard-landing spacecraft require a gravity meter that is
(a) extremely rugged -- to withstand landing shock and
(b) extremely simple -- because complicated mechanisms
are vulnerable. It must, of course, telemeter its readings.

2. Soft-landing spacecraft permit a meter to be more accurate,
e. g., as regards calibration, and more versatile, as a
seismometer or tidemeter. Telemetering is still required.

_ 3. A manned spacecraft will permit gravity traverses to be
made on the surface in the usual terrestrial way, although
optical surveying for elevation will be difficult because of
the short visual range due to the smaller radius of the
moon, This dxsadvantage will be offset by the clarity due
to the absence of air, so that finer optical instruments can

' be used and long shots taken from mountain peaks.

-

‘is tracked w1th suff1c1ent accuracy in its orbitt
perturbations.,

5. A roving unmanned vehicle will be able to carry an auto-
matically reading gravity meter, gradiometer, and survey
log, thus providing a wide scope for exploration traverses,

6. A manned roving vehicle will be more expensive than the
unmanned vehicle, but with a gravity and gradient read-out



computed as the observations were made, it could be used
to explore anomalies as they were observed.

7. A hovering (not orbiting) spacecraft would use an airplane
gravity meter of the type now being developed and-be able
to make a gravity network of the entire moon,

Task 5

- Gravity instruments are examined to see which of the principles
and devices now known would be the most suitable for near-future incorpo-
ration into a hard-landing spacecraft package. Known devices include sen-
sors based on quartz elastic members, metal elastic members, pendulums,
and vibrating strings. Principles on which accelerometers have been built,
but not used as gravity meters, include piezo-resistance and piezo-electric
effects. Gradiometers are also discussed. It is concluded that the design
based on a quartz elastic member is best suited for near future development
as a feasible device. The reasons are that (1) the quartz design offers the
best resistance to the hostile environment that will be encountered, and
(2) experiments and testing for shock resistance and temperature compensa-
tion have proceeded far enough so that success with the device can be
reasonably anticipated.

CONCLUSIONS AND RECOMMENDATIONS

1. It is concluded from the present study that gravity can
play a dominant role in all stages of lunar exploration, from the first steps
in selenodesy down to detailed exploration of specific areas. For several
reasons gravity will have a relatively greater importance for lunar explora-
tion than for the same function on the earth. It is therefore recommended
that steps be taken to make gravity observations as often and as accurately
as the national space program will permit, It is also recommended that
a continuous program for developing gravity meters be carried out so that
suitable gravity meters are available when the spacecraft are, The
_ :development will be most effective if it is carricd out as a series of key
erlments to test success;vely the effectxveness of v1tal components.

2.  The gravity meter best adapted to pre in
a hard-landing lunar spacecraft is one based on a quartz elastic member.
This instrument is so far advanced in testing and development that it can
reasonably be expected to be successful. It is recommended that the
development of this meter be pressed so that it may be transported to the
moon in an early flight,




TASKS ONE AND TWO: SCIENTIFIC KNOWLEDGE
FROM LUNAR GRAVITY DATA, RESULTS AND
RELIABILITY

A. GRAVITY AS A SCIENTIFIC TOOL

Task One in the present study is defined as '"a detailed in-
vestigation of scientific problems that could be solved or profitably investi-
gated by gravity meters or gravity gradiometers'' on the moon. The best
way to begin an inquiry into such problems is to review the role which
gravity measurements have played and are playing in the study of the earth,
The problems gravity measurements will solve or help to solve on the moon
are the same as the ones they have solved and are still solving on the earth,
with the difference that such measurements will be of greater significance
on the moon. This is because stratigraphy, the key to much of earth
structure, is absent on the moon, and students of lunar geologic structure
will have to get most subsurface information by methods not based on sedi-
mentary stratification. The most powerful of these methods is gravity. In
addition, gravity may be observed anywhere on the moon (as far as we know)
without hindrance from surface features such as the terrestrial oceans.

Gravity was first recognized as one of the most important
keys to knowledge about the earth when it was noticed that pendulum clocks
kept time differently when they were moved from one latitude to another.
The explanation was found to be that the earth's radius varies from one part
of the earth to another - that is, the earth is not a sphere but a speroid.
Thus, in the seventeenth century, the science of geodesy was born. Three
centuries later we are still using gravity to discover the finer details of
the shape of the earth, Recently geodesy has been substantially forwarded
by observing the effect of gravity on artificial satellites as well as on
gravity sensors on the earth's surface. Much remains to be learned, how-
ever, from both methods.

Geophysics on a continental scale was the next stage in earth

science after the advent of geodesy Not long after the variation in the
o dulum ' i ; ed that whilé mountains .

. pulled’ plumb-f;e s fow ; as. p edicted by the law graﬁtétaon,’- T
the amount of the pull was less than was expected. The explanatmn lay in
the fact that the mountain did not constitute as much extra mass as was
apparent, because its roots were lighter than the surrounding rock. Thus
the study of crustal geophysics was begun -- with the discovery that heavy
material lies under the oceans and lighter materials under the continents.
An intimate relation has to exist between this distribution of mass and the
observed gravity; gravity is therefore a partial index to the thickness of
the crust. (Woollard, 1959; Steinhart and Meyer, 1961),




For the needs of geo-
desy and crustal geophysics, the
relatively crude measuring devices
of the eighteenth and nineteenth cen-
turies gave valuable information,

INTERCEPTING MIRROR~__ £ i PLATE-HOLDER ATTACHMENT though muCh has been discovered in
LAMP ORSION HEAD the field since then with the aid of

more accurate instruments. . The

details of local structure, however,

———PLATINUM WIRE
LEVEL

ADJUST?;E ﬁiﬁgi %BALANCE BEAM MIRROR could not be studied with gravity be-
T vy STING MECHANISM cause their gravitational effects were
- PPER WEIGHT - - -
CONTACT CLOSENCING 8 t RIVING GLOCKWORK too weak.: With the invention of the

E6tvos torsion balance, near the
turn of the century, a new age in

| PROTECTIVE TUBE geophysics was opened: Evidence
- of the presence of small-scale geo-
logic structure invisible from the

LOWER: WEIGHT

s

surface was now available, provided
only that a density contrast existed.
The torsion balance was followed by
the field gravity meter, and it by sea-

Figure 1, EG6tvds Torsion Balance : :
borne and airborne gravity meters

(After Jakosky, 1960)

and gravity meters that detect earth
tides. There are now almost no limits
to where and how accurately gravity
can be measured on the earth., Its
application is limited by the ingenuity
of the interpreter and by the accuracy
of navigation rather than by gravity
measurement itself. Gravity anoma-
lies of all magnitudes are observed
everywhere, each one evidence of a
geologic phenomenon.

The conquest of the
moon is now under way. We have a
set of readymade geophysical tools
for acquiring quickly the same kind of
knowledge we took so long to collect
about the earth. Perhaps the most
versatile of these tools is gravity. Figure 2. WORDEN?* Gravity Meter

*Trademark of Texas Instruments Incorporated




B. GRAVITY AT A SINGLE POINT

1. The Technical Problem

The most difficult tech-
nical problem in the entire lunar
gravity program is of course to land
the first gravity meter on the moon in
an operating condition and to receive
its reports. Some engineering aspects
of the problem are discussed in the
section on Task 5 of this report. In
order to evaluate the usefulness of the
reading from a single gravity meter,
we shall assume that it will give abso-
lute gravity with a calibration error
of + 5 milligals and relative gravity
(that is, from one time to another) of
@ 0.5 milligal. These accuracies
are not, of course, demonstrably
attainable now. Enough experiments
have been performed to show that Figure 3. Seaborne Gravity Meter
they are a reasonable estimate of
what could be obtained with the aid of a succession of key experiments
followed by appropriate modification of the components of the meter,

2. - Tides and Elasticity

A single gravity meter, landed in the center of the moon's
visible disc, would be located at the spot most favorable for measuring the
amplitude of the solid tide of the moon., A location near the limb would also
be in a tidal zone, A location halfway between would be intermediate as far
as the earth-produced tides were concerned.

A gravity meter on the surface will respond to the variation
of the tidal force in two ways. First, it registers the change in milligals in
the local gravity due to the change in position of the heavenly body that causes
the influenced body to yield in response to it - and all bodies must yield as
none are infinitely rigid - the meter is lifted farther away from the center
of the body on which it stands and will therefore give a smaller gravity read-
ing, The first change can be computed from astronomical data. The second
effect is therefore the total effect minus the first., It is equal to the vertical
derivative of gravity times the yielding; the yielding can therefore be com-
puted and used as a measure of the bulk elasticity. For a treatment of the
relation between the yielding and the elasticity, see Tomaschek, (1957).




Figure 4. La Coste-Romberg Earth-Tide Meter

The maximum change in tidal force on the earth is about 0.3
milligal, a little more than two -thirds of this being due to the moon and the
rest to the sun. In order to observe the yielding of the earth to these forces,
a set of observations was conducted by Baars (1953) lasting a month and
located at 21 stations scattered all over the world. The result was that the
observed change in gravity was only a quarter larger than the computed
change in force; the rigidity is thus very high. The actual yielding of the
solid earth to the tidal forces is in the neighborhood of one foot.

In order to describe the tides on the moon, it is convenient
to begin with a review of the time cycle and relative magnitudes of tides on
the earth. The principal factor causing the change in tidal forces on the
earth is its rotation. This gives the tides due to the sun a double cycle
every 24 hours, and the tides caused by the moon a double cycle almost 25
hours long, the longer cycle being due to the motion of the moon it its orbit.
The cycle is double rather than single because of the dynamics of the situa-
tion. The tidal force at the earth's center is zero, since it is in free fall
toward the tide-producing body. Another way of stating this is that the
attraction of the other body is exactly cancelled by the centrifugal force due
to the orbital motion of the earth's center about the center of gravity of the
earth-moon (or earth-sun) system. On the surface facing the tide-producing




body the distance is less and the attraction is therefore stronger, giving a net
force upward; on the surface away from it the attraction is weaker, giving a
net force that is also upward at that point. The result is that there is a high
tide on the surface both toward and away from the tide-producing body, and a
low tide in the zone between. (Figure 5).

The other cause of change in tidal forces is the variation in
distance. In the tides due to the sun this is not large enough to be important,
but in the tides due to the moon the forces change noticeably, causing the
high-amplitude spring tides at perigee and the low-amplitude neap tides at
apogee, :

On the moon the tides caused by the sun change in the same way
as on the earth, that is, a double cycle for every lunar day. The effect is
only one-quarter as large due to the moon's smaller radius, so that their
amplitude in terms of gravity is only 0.0l milligal. The tides caused by the
earth are not affected {except in the second order) by rotation, so that high
and low tides do not occur in a given location but only springs and neaps.

The computed difference between spring tide and neap tide is about one milli-
gal for the center of the visible disc. (See Appendix A). The unknown
quantity is of course the extent to which the surface yields under the change.
Urey and others (1959) reported that for a liquid or completely yielding moon
the motion would be 16.2 meters, The number of milligals this corresponds
to can be computed roughly from the vertical gradient of gravity. We have

-dg/dr = 2g/r = 324,6/1.738 x 108 - 0. 187 mg/meter,

c = centrifugal force due to
ORBIT orbital motion; constant on
the planet at a given
movement »
g = gravity of an attracting
body; varies with distance

from the body. ~
\ < DUCING

| — E‘,pgo
/,’ ‘-D L .
[

g4-C

NET FORCE OUTWARD NET FORCE INWARD 128

Figure 5, Tidal Forces On The Surface Of A Planet




The maximum change in gravity due to the yielding would be -3 milligals,
making a possible total of -4. If the precision of the meter is ¢ 0.5 milligal
a useful piece of information would result from readings of the tide.

The principal utility of a knowledge of the tidal yielding would
be an insight, at least a preliminary one, into the moon's structure, Urey
and others (1959) and Macdonald (1961, 1962) mention the possibility that the
moon, having been produced by a sort of agglomerative process, lacks the
molten core and plastic isostatic mechanism which so extensively govern the
history and behavior of the earth. This hypothesis is supported by the low
mean density (3. 34) of the moon, but is partially contradicted by the evidences
of volcanic action and lava flows (Baldwin, 1949, and Green, 1962) that are
observed on its surface. A change in the tidal gravity of 1.5 or 2 milligals
would favor the plastic or molten-core theory, while a change of 3 or 3.5
milligals would weaken it.

3. Seismicitx

A gravity meter which reads with a precision of + 0.5 milligal
would be useful as a seismograph if high-frequency changes in the position of
its beam could be telemetered. The displacements to which it would respond
would be a function of the period of the displacements, The moving system
of the instrument would probably have a free period of one second or less,
and a change in the acceleration of 0.5 milligal would correspond to a dis-
placement of about 10 "3 centimeter or 0.1 micron. For longer periods the
minimum displacement sensed would be proportional to the square of the
period, so that for seismic energy with a period of 10 seconds the minimum
perceptible displacement would be 1073 centimeter or 10 microns. These
levels of sensitivity would represent high se1sm1c1ty or the occurrence of
small earthquakes on the earth, If the tidal yield on the moon is anything
near the maximum, it is highly probable that there will be a considerable
degree of local seismicity in the high-tide areas, i.e., the bulge, the anti-
bulge, and the limb zone. A ''quiet' earth has a general seismicity level
of a few millimicrons, so that if the moon is similarly quiet the gravity
meter of the postulated sensitivity would register only moonquakes, lesser
disturbances being below its threshold level.

R Ltmar Beisraiczty canbe. dwidgd into three < ate enes, i,.8, )
(1) meteor1te 1mpacts, (2) tectonic seismicity of the terrestrial type, .and
(3) seismicity due to tidal yielding. The third could be distinguished from
the other two by its cyclic character; it would have dead periods as the tidal
forces passed their maxima or minima, Distinguishing between meteoritic
and tectonic seismicity will probably depend on the observation of shear
waves and will be beyond the power of a single short-period seismometer
(Lehner and others, 1962).
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4, Mass of the Moon from Gravity

The ratio of the moon's mass to that of the earth was reported
by Brouwer and Clemence (1961) as 81, 366 + 0,029, an accuracy of one part
in 2800, If the mass is known with that accuracy then the proposed new
determination of it with a gravity meter would be of only routine interest.
Recently, however, the error was reported by the same authors (1962) to be
one part in 800, and by Grushinskii and Sagitov (1962) as one part in a
thousand. If this error could be reduced - say to one part in four thousand -
with a gravity reading, the result would be important, The probable error
in predicting surface gravity on the moon, according to the above references,
is plus or minus 200 milligals, If the surface gravity could be read with a
substantially smaller error, a better determination of the moon's mass would
result,

The limiting factor in observing lunar surface gravity will be
the uncertainty in determining the elevation of the recording point with respect
to the average surface in the neighborhood, This uncertainty (see the follow-
ing paragraphs) will perhaps raise the probable error of the surface-gravity
observation to plus or minus 10 milligals., To compute the mass from the
surface gravity, however, we need to know the radius. According to the
last two publications referred to, the error in the radius is 3+ 200 meters or’
about one part in 9000, Since

2
M:r—kg_

(where m = mass, k = gravitational constant, g = gravity, and r = radius)

the error in mass would be one part in 4500, This is substantially better
than one part in a thousand and indicates that the best location for the first
gravity meter landing is on the limb where the radius can be most accurately
observed. If between now and the time the experiment is performed a better
determination of the mass is made, the landing should be made in the center
instead of on the limb, in order to deterrmne the magnitude of the bulge.

(See sectlon C below)

- 'Ilhe Iocar elevaﬁﬁn of a grzvtty ﬁbservatzen must be known:.
before the observed value can be used in interpretation. This is of course
because of the very considerable effect that elevation alone has on gravity.
By ''local elevation'' is meant the elevation relative to the mean ground
level or selenoidal surface of the general surrounding area. For terrestrial
gravity exploration the local elevation should be known, relative to the
prospect at least, to an accuracy of a few centimeters, but this is for gravity
meters that are read to 0.0l milligal. Since we expect only + 5 milligals
(absolute) of the lunar meter the requirement of accuracy is relaxed in pro-
portion, but it is still one of the limiting factors.

11



The theory of reducing gravity observations in order to remove
irrelevant effects, so that interpretation can proceed, is well known., (See
Dobrin, 1960, Chapter 11). In a first approximation, the elevation correction
consists of two parts, (1) the vertical gradient or free-air correction, and
(2) the so-called Bouguer correction to account for the extra mass of ground
beneath an instrument which is on a hill or mountain, '

The vertical gradient is given by the formula

o8 .

S = - 0.187 mg/meter

negative because the distance from the moon's center increases with elevation,
thereby decreasing the gravity; since the effect is negative the correction is
positive. The Bouguer correction is usually taken to be the downward
attraction of a slab of material inserted between the base elevation - sea

level or some other - and the observation point, It is computed from the
attraction formula

bLg  _
AL = 21 ks

where k is the gravitational constant, s the density of the surface material,
and h the elevation, If s = 2, a usual value for terrestrial surface materials,
the Bouguer correction will be

Lg
Ah

0.084 mg /meter

Since the effect is positive the correction is negative, The combined elevation
correction is then - 0,103 mg /meter, (Figure 6) A gravity meter read to

4+ 5 milligals would require an elevation known to + 35 meters if the probable
error due to the elevation uncertainty were not to exceed ¢ 6 milligals, or an
elevation known to + 87 meters if the total uncertainty were to be held to + 10
milligals. Kopal (1961) states that in certain cases it is possible to measure
from earth the relative elevation of a lunar topographic feature to £ 10 meters.
- It 15 ‘beyond the-scope of the present.report to examine the validity of this
figure, which would probably not prove to be representative anyway for the
case of a particular landing spot. However, it does not seem unreasonable

to expect that if the landing location can be observed at all, its elevation could
be determined accurately enough to give gravity to + 10 milligals,
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Figure 6, Free Air And Bouguer Effects

C. GRAVITY AT A SECOND POINT

1. Normal Gravity on the Moon

Once the moon's surface gravity at a representative point is
known, it will be possible to predict the ''normal'’ gravity at any point on
the visible surface., Since the moments of inertia about the three principal
axes are known relative to each other, a triaxial reference ellipsoid or
ideal figure of the moon can be constructed, based on the assumption that
density changes radially but not tangentially, The normal or predicted
gravity can then be computed as a function of latitude and longitude on the
reference ellipsoid. Then if a gravity observation is made and a difference
exists between it and the predicted gravity, an anomaly is present and must ~
be ascribed to some excess mass, or lack of it, in the neighborhood,

2, Determination of the Bulge

A conspicuous discrepancy exists at present between different
determinations of the earthward bulge of the moon. Three methods of
estimating it are used: (1) calculation of the effect of earth-produced tide on
a moon in hydrostatic equilibrium, (2) the ellipticity due to the unequal
moments of inertia as computed from observations of the motion, and
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(3) optical methods. The first of these indicates a bulge of less than 0.1
kilometer, the second about 1 kilometer, and the third more than 2 kilometers.
The probable errors of the different determinations do not overlap so that they
cannot be reconciled by compromise., The hypothesis which does reconcile
them is that the near-surface material at the center of the disc is less dense
than the material elsewhere - i.e., near the limb. In order to preserve the
calculated relation between the moments of inertia, the radius would have to
be greater in that neighborhood. A functional relation must exist between the
increased volume occupied by the postulated less dense material and the in-
creased radius necessary to preserve the moment of inertia. The surface
gravity is decreased by both these effects. A one-to-one correspondence

will therefore exist between the surface gravity on the bulge and the magnitude
of the bulge itself, A negative gravity anomaly greater than that predicted for
the eccentricity for a regular mass distribution must indicate a greater bulge.

(Note that the triaxial or bulge hypothesis is incompatible with
a large tidal yielding. The moon cannot have moments of inertia as different
as those observed, and still be in hydrostatic equilibrium. If both a bulge
and a large tidal yielding are observed there is a defect in the present theory.)

The relation between the bulge and the resulting gravity anomaly
can be found to a first approximation from the vertical gradient. In a figure
closely resembling a sphere, the vertical gradient on or outside the surface
(there is a discontinuity in the gradient at the surface) is given by

dg _ -2g

Jr r

if the density varies only radially. The equation holds whether the lifting of
the observation point occurs through raising the measuring instrument above
the surface or through expansion of the body without changing its mass., The
reason for this is the well-known fact that the gravitational effect of a
spheroidal shell acts outside the shell as though the mass of the shell were
concentrated at its center, As might be expected, the vertical derivative

of the gravity of a prolate spheroid, at a point on its axis, approaches that
of a sphere as the eccentricity decreased {MacMillan, 1930, p. 17). The
derivative at the surface is about 0,19 milligal per meter on the maoon's
surface, so that if the density is evenly distributed, a bulge of one kilometer
would give a negative density anomaly of 190 milligals. If the bulge is com-
posed of less dense material, the anomaly will be even larger, but the bulge
will also be larger.

The vertical gradient of 190 milligals per kilometer is large
enough so that if the local elevation can be determined so that the observational
error is no more than # 10 milligals, the magnitude of the bulge can be deter-
mined to about 50 meters. (If the bulge is larger, due to material of low
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density, the probable error due to lack of knowledge of the distribution of the
low-density material would also be larger.)

3. Possible Influence of Local Anomalies

It is of course theoretically possible for low-density material
to exist immediately below a point of observation in such quantities as to give
a negative anomaly not representative of either bulge magnitude or low average
density. It seems unlikely, however, that this will be the case. On earth,
for example, the order of magnitude of observed negative free-air anomalies
is in tens of milligals; even in the ocean the free-air anomaly is rarely more
than 25 milligals (See Heiskanen and Vening Meinesz, 1958, Chapter 7).
There are almost no negative free-air anomalies approaching 200 milligals,
and the only positive ones approaching that amplitude are in high mountains.
On the moon, with its much lower mass, a low-density structure causing an
anomaly of even 100 milligals would be important enough in proportion to
affect the moment of inertia.

D. LUNAR GRAVITY NETWORK

1. Methods and Accuracies v

A systematic lunar exploration program, having achieved two
observations of surface gravity and drawn the conclusions indicated above,
would then broaden its scope. Operationally, this could occur in three
different ways. First, when a reliable miniature gravity meter for lunar
use is developed it will be included as a matter of course in the payload of
all moonbound spacecraft because of the additional value of each new obser-
vation., Second, a manned orbiting station will logically precede the manned
spacegraft landing. The orbit of such a station, computed from observations
made by its own passengers will yield a good selenographic gravity net,
necessarily on a broad scale but confirming and supplementing (or else
contradicting) the general validity of the previous point-observations. Third,
individual telemetering gravity meters could be impacted on the surface with
relative economy from such a station. The anomalies of particular features
could be measured and interpreted with the aid of single-impact readings.

S

o The accuracy of the gravity readings in the network stage of *
operations would be improved over that of the first meter landings by a
factor of perhaps four or five but not by an order of magnitude. The ground
instruments would still be subject to the uncertainties of their elevation, and
the third, fourth, and fifth landings, for example, would have reduced errors
only as the techniques for measuring elevations had improved., Possibly the
previously discussed accuracy of # 6 milligals could be reached and probably
the instruments themselves would be improved by that time. The results
from the tracked orbiting station would not be limited by calibration or
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topography. They would be absolute in the sense that they depend only on

the altitude and velocity of the orbit. The limiting factor in tracking re-
sults would be the accuracy of the tracking apparatus, which would consist
of a combination of Doppler radar and carefully timed photographs. (See
Appendix D) The velocity of a near-surface orbit is about 1. 7 kilometers per
second, but the propotional error in gravity will be twice the proportional
error in velocity.

2
g=v /r

2vav
ag= -
Bg _23v
g T v

To give the gravity to + 10 milligals, or one part in 16000, the velocity
would have to be known to one part in 32000, This is far beyond the capacity
of present radar systems; it is possible that accurately timed photographs
will provide the best velocity data. (Sci. Am. Aug. 60).

The orbiting station would of course provide a much better
way of measuring surface elevation than was previously possible., The
gravity meters which it would impact on the surface, and probably the
meters which had landed from spacecraft in the previous stage, could
probably be located to ¢ 10 meters in elevation -- an error which would
affect gravity with an uncertainty of only one milligal. This would permit
recalculation of the readings of these meters and reduce the errors sub-
stantially to the calibration error only.

The magnitude of the gravity anomalies to be expected in the
network stage can at present beonly a matter of speculation, but since
lunar topographic features exist on the same scale as terrestrial features,
the anomalies will doubtless be of the same scale also, especially since
the leveling influence of erosion